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For systems featuring cross-stream injection of fuel into flowing air, a calculation procedure is presented which allows the fraction of fuel evaporated to be estimated rapidly as a function of downstream distance from the plane of fuel injection. The method takes into account the effects on evaporation length of variations in ambient air pressure, temperature, and velocity, as well as changes in fuel spray characteristics such as mean drop size and drop-size distribution. Calculations carried out at typical gas turbine combustor operating conditions indicate that the main factors influencing the length required to achieve any given degree of fuel evaporation are air temperature and velocity, and the mean drop size of the spray. of a number of commercial engine fuels. In a subsequent Reilly Professor of Combustion Engineering publication [3] these methods were extended to cover a wide variety of liquid hydrocarbon fuels ranging from light aviation gasoline to diesel oil. By employing the concept of "effective" evaporation constant, which takes full account of the effects of convection and the heat-up period on overall evaporation rates, it was shown that the lifetimes of fuel drops evaporating under various conditions of fuel type, ambient pressure and temperature, and initial drop size, could be readily estimated [3] . In reference [4] a calculation procedure, based on the evaporation equations derived in references 1 and 2, was used to predict the variation of JP-5 fuel spray characteristics (mean drop diameter, Dm , and drop-size distribution parameter, n) with time for evaporation in quiescent hot air. The results showed that both D m and n increase with time, but the changes are more pronounced for sprays having small initial values of n. Based on these analyses an equation was proposed for estimating the time required for any liquid fuel spray to attain any given percentage of vapor evaporation in quiescent air. The efficacy of this equation was demonstrated by close levels of agreement between its predicted values and the results obtained using a more accurate, but also more tedious and time-consuming, iteration procedure [5] . After further development to include the effects of convection on evaporation rates [6] , the method proved highly satisfactory for evaluating the evaporation histories of fuel sprays over wide ranges of air temperature, pressure, velocity, mean drop size and drop-size distribution.
In the design of combustion systems for turbojet engines a compromise must often be reached between the conflicting requirements of optimum combustion performance and minimum combustor length. In such situations it would clearly be advantageous if simple procedures were available for estimating rapidly, for wide ranges of fuel type and flow conditions, the fraction of fuel evaporated as a function of distance downstream of the plane of fuel injection. One important example of where such methods would prove useful is in the design of afterburner systems for turbojet engines, where the length required for spray evaporation normally constitutes a significant proportion of the total jet pipe length. Another example is provided by the lean premix/prevaporize combustor. In this device additional length for fuel evaporation offers the advantage of reduced NOx emissions at the expense of increased risk of autoignition occurring in the vaporizing tube.
In this paper attention is focussed on systems featuring cross-stream injection of fuel. This mode of fuel injection is generally preferred to co-stream injection because it yields higher evaporation rates and shorter evaporation lengths. However, it will be apparent that the methods employed could readily be adapted to suit both co-stream and contra-stream injection.
CALCULATIONS
The calculation procedures are described in the following sections.
Drop-size distribution
The Rosin-Rammler distribution parameter is employed. This is generally recognized as being best suited for practical fuel injectors, and has the added virtue of simplicity. We have Pr hu =Prandt1 number evaluated at 1/3 rule reference condition during heat-up period [2] .
during steady state evaporation: (3) where A st =steady state evaporation constant in stagnant air. (See reference 1 for values of A st as functions of P, T, and fuel type).
st =viscosity evaluated at 1/3 rule reference condition during steady state evaporation [1] .
Pr st =Prandtl number evaluated at 1/3 rule reference condition during steady state evaporation [1] .
If at a time interval between t and t + At when t < thu < t + At, the change in drop diameter will be
where t hu is the heat-up period for a drop size D (see references 2 and 5 for calculated values of t hu ).
Drop relative velocity
For a spray moving in a transverse flow field with uniform velocity distribution, the relative velocity of any drop can be expressed by the equation: Values of pf ho and pf s , the fuel densities during heat-up period and steady-sta t e periods respectively, may be obtained from references 1 and 2, and an equation relating fuel density with temperature is provided in the Appendix of reference 1.
Drop trajectory
At t = 0, we have where U1 is the fuel injection velocity, as shown in Fig. 1 .
The drop velocity at any point downstream can be expressed as:
where Wo , the initial relative velocity at t = 0, = '2 + v The drop trajectory is described by the , k • Note that all the volume fraction increment in this size group is associated with the average diameter 0.5 (D i + 2. Starting from the first distance step, Ax, calculate the corresponding time interval At D . for the different drop-size groups using Eqs. t8), (9), and (12).
W o Ax
We have At = D.
Here p and p f may be uh u or 1-I st' P fhn or P fst depending on whether At is in the heat-up period or in steady-state evaporation. 
Thus the total liquid volume remaining (relative to the initial spray) is FAQ. x 7. Following the same procedure from step 2 to step 6 for the next distance, Ax2, the volume fraction evaporated (relative to the initial spray) becomes
multiplied by the total volume fraction (relative to the initial spray) remaining at the beginning of the next distance step FAQ ix , i.e. Q evap 2
The total volume fraction (relative to the initial spray) remaining is 8. Calculate the relative velocity at the end of distance Ax2 from Eqs. (8) or (9) and use this relative velocity for calculations on Ax 3 .
Calculate FQevap = Qevapl QevaP2
QevaPn against distance, i.e. X is the evaporation history as a function of axial distance.
RESULTS OF CALCULATIONS
Baseline conditions for the calculations were chosen as follows: The relationship between axial distance and evaporation history is shown in Fig. 2 . It is apparent that to vaporize half the fuel spray requires only 230 mm of axial length, but to evaporate another 30 percent requires an additional 600 mm of axial distance. The influence of pressure on evaporation history is illustrated in Fig. 3 , where it can be seen that between 1000 and 2000 kPa the effect of pressure is quite small. This is because although higher air pressures produce higher rates of evaporation they also result in higher axial acceleration of fuel drops, so the two effects tend to cancel each other. At lower pressures, around 100 kPa, the longer residence time afforded by the lower aerodynamic acceleration outweighs the reduction in evaporation rate, and the nett result is more rapid vaporization as a function of axial distance. It is important to note when this result applies only to transverse injection of fuel, and not to co-flowing or contra-flow injection.
It is of interest to note that in references 1, 5 and 6, it is shown for the same level of air temperature (800 K) that an increase in air pressure enhances the distance as well as time. The effect of temperature on evaporation history is shown in Fig. 4 , where it is clear that increase in air temperature shortens appreciably the distance required to achieve any given degree of fuel evaporation. The mean diameter of the drops in the spray has a strong influence on evaporation history, as shown in Fig. 5 . As would be expected, reduction in mean drop size greatly reduces the axial distance needed for fuel evaporation. The influence of drop-size distribution on fuel spray evaporation history is relatively small, especially if the evaporation percentage is less than around 70 percent. In this range smaller values of n o yield higher evaporation percentages, but for much longer axial distances higher n o values are characterized by higher rates of fuel evaporation, although such long distances are not practical for most combustion systems. Air velocity has a strong effect on evaporation history, as shown in Fig. 7 . For example, the effect of reducing air velocity from 50 m/s to 30 m/s is roughly equivalent to increasing air temperature from 800 K to 900 K, or reducing the mean drop diameter from 70 um to 50 um. This raises the possibility of simulating high air temperatures or finer atomization by reducing the air velocity. Naturally this applies only to cross-stream injection of fuel.
Fuel injection velocity has little effect on spray evaporation history as shown in Fig. 8 . This is because when the air velocity is high the relative velocity between fuel drops and air is little influenced by fuel injection velocity. Moreover, the residence time [10], its influence on evaporation history against axial distance is relatively small. CONCLUSIONS 1. Although in a flowing system the fraction of fuel evaporated is necessarily linked to both time and distance downstream of the fuel injection plane, the effects of time and distance are not necessarily the same, and the small difference between them could be significant to the design of combustion systems in which length is at a premium.
2. For transverse fuel injection into a flowing air stream the most important factors affecting evaporation history are air temperature, air velocity and mean drop size.
3. The calculation procedures described herein are generally applicable to a wide variety of fuel types and flow situations. The test conditions employed in the example were selected as being typical of those encountered in gas turbine combustors. Some extrapolation of the results obtained may be readily accomplished, bearing in mind that residence time is inversely proportional to air velocity, while evaporation time is proportional to the square of the mean drop size in the spray. 
